Abstract. The electric actuator system is one of the key components in flight control system. Its performance impacts on the flight dynamic performance greatly. In order to deal with the disadvantages of the traditional electric actuator and upgrade the electric actuator system for guided missile, the electric actuator controller based on FPGA is designed. The hardware design is divided into different parts and presented in details one by one. Also the software structure is shown and its functions are introduced. The controller designed features fast response, high precision, great stability and miniaturization. Several ground tests verify its feasibility and stability, proving that it is a preferable choice for the electric actuator system in the guided missile.
Introduction
As the cutting-edge equipment, the UAV (Unmanned Aerial Vehicle) integrates multidisciplinary technologies such as control theory, aerodynamics, sensing and measuring technologies, indicating one of the important development directions in the aviation industry [1] . At present, the guided missile is used as a UAV payload for military air-to-ground strike. Its hit accuracy of the guided missile is of top concern. If the guide missile doesn't attack the intended targets, it will cause conflicts or even international dispute [2] . The electric actuator system is the servo actuator of guided missile. It receives the command signal from the missile-borne computer, and then after power amplification, the control surface rotates with it, thus controlling the missile attitude [3] . Performance of the electric actuator controller plays a key role in the guided missile flight. As shown in Figure 1 , the actuator comprises the control circuit, driver circuit, servo motor, reducing gear, output mechanism and potentiometer. The traditional actuator controller adopts analog control or digital control based on MCU (Micro Control Unit) and DSP (Digital Signal Processor) microprocessors [4] . The analog control has advantages of smooth control. However, its disadvantages such as big volume, heavy weight, bad anti-interference ability, debug inconvenience and limitation of new control method utilization are apparent [5] . As for digital control based on MCU or DSP, when it controls multi actuators, the control period is long and the real-time performance is not desirable. And also, it is hard to control as much as four actuators precisely at the same time [6] . Normally, the actuator controller controls four actuators in the guided missile system. The electric actuator controller has to be upgraded. FPGA (Field-Programmable Gate Array) has embedded DSP core and rich peripheral interfaces. And its parallel processing ability is great. As a result, this paper designs a novel actuator controller with FPGA as its core. The controller features fast response, high precision, great stability and miniaturization.
Hardware Design of the Actuator Controller
In this section, hardware design of the complex actuator controller is introduced in details. There are mainly five parts, namely, FPGA control circuit, digital communication interface, analog signal process circuit, drive circuit and power supply circuit. The FPGA control circuit conducts control arithmetic and digital control. The digital communication interface communicates with other devices. The analog signal process circuit acquires and processes the feedback signal, which is transformed into the digital signal via AD (Analog Digital) converter. The drive circuit serves to rotate the actuator. The power supply circuit offers power for the controller. The control core of the digital circuit is FPGA, with XC3S400AN of the XILINX Spartan 3 FPGA Family selected in this design. XC3S400AN is a low cost FPGA with nonvolatile technology across a broad range of densities. It combines FPGA and Flash technology, which minimizes chip count and overall size while increasing system reliability. Its internal configuration interface is completely self-contained, thus leading to higher security to make it a perfect choice for the electric actuator system. It features multi-voltage and multi-standard interface pins. In this design, the core voltage is +1.2V and the I/O voltage is +3.3V.
FPGA Control Circuit
The overall structure of FPGA is shown in Figure 2 . The potentiometer feedback is amplified by the operational amplifier and then it is sent to the AD converter, which connects to FPGA in order to offer the digital data. RS422 transceiver is an important peripheral interface of the control circuit. Actually, it serves as the link between the actuator system and the missile-borne computer. Via RS422 transceiver, the missile-borne computer sends command to the actuator system while the actuator system reports back. There is also a CAN (Controller Area Network) transceiver. It is used for ground tests and reserved for future extension. Before entering FPGA, the hall signals of the brushless motor have to shift its levels from +5V to +3.3V to meet the FPGA I/O standard. The rotor position of motor is indicated by the hall signals, according to which phase commutation is conducted. Accordingly, the corresponding PWM signals are generated. Prior to input into the 3-phase driver, the PWM signals passes the optical coupler, for better EMI (Electro-Magnetic Interference) performance and level shift. The 3-phase driver drives the 3-phase bridge to rotate the actuator. The digital communication interface contains two parts, the RS422 and CAN communication circuit. Thanks to its fast transmission speed and great anti-interference ability, RS422 is commonly used to communicate between the missile-borne computer and the electric actuator system. CAN bus is originally a robust vehicle bus standard designed to allow microcontrollers and devices to communicate with each other in applications without a host computer. However, in this design, the CAN communication circuit is used for ground tests and reserved for future extension.
Digital Communication Interface
As shown in Figure 3 , MAX3490 serves as the RS422 transceiver in the communication circuit. The chip features full-duplex communication, and its data transmission rate can be up to 10 Mbps. CTM1050T with isolation is selected as the CAN transceiver. I/O levels of both communication chips can tolerate +3.3V, the corresponding pins are able to connect to FPGA directly.
Analog Signal Process Circuit
The potentiometer is mounted coaxially to the output mechanism. It is an indicator of how many angles the actuator rotates. The position feedback has to be reported back to the controller for realtime control. In this actuator system, output of the potentiometer ranges from -12V to +12V, representing 0~360°. For convenience, an AD converter with bipolar input is needed to save circuit. As shown in Figure 4 , after filtering via a resistor and capacitor, the potentiometer feedback is amplified via OP284, a rail-to-rail operational amplifier with dual power supply. In this way, the negative analog input can be processed directly. The amplifier output is filtered again and amplitude constraint is conducted. Filtering can eliminate the undesirable noise, while amplitude constraint is meant to protect the AD converter from surge voltage which may destroy the normal signal processing or even burn it out. In this way, preferable analog signal is sent to AD7606, the AD converter selected in this design. The AD7606 is 16-bit, simultaneous sampling, analog-to-digital data acquisition systems with eight channels respectively. The AD7606 operates from a single 5V supply and can accommodate ±10 V true bipolar input signals while sampling at throughput rates up to 200 ksps for all channels. The input clamp protection circuitry can tolerate voltages up to ±16V. Obviously, AD7606 is an ideal choice in the guided missile actuator system for the simple reason that it can acquire bipolar analog signals of multi channels fast and precisely. As shown in Figure 5 , the 3-phase bridge driver, the 3-phase bridge and the current sensing circuit comprises the drive circuit. According to certain control algorithm, the FPGA control circuit produces the corresponding PWM signals. And after a multi-channel and high-speed optocoupler, the PWM signals used for motor drive is isolated from the digital circuit electrically to avoid inference and then they become input of 3-phase bridge driver IR2130, which drives the 3-phase bridge made up of MOSFET. With its rather low on-state resistance and high switching frequency, IRF7749L1 is selected as the MOSFET in this design. During operation, especially at the moment when the motor starts or stops, motor current can reach up high. It is better to fulfill current sensing with the help of a current sensor. ACS712 dose this job. It provides the economical and precise solution for motor sensing in this electric actuator system. Figure 6 . System power circuit.
Drive Circuit

Power Supply Circuit
The DC power supply is +28V. For better EMI performance, it passes an EMI filter first and then sends to different parts of the actuator controller, namely, the power part, the analog part and the digital part. As shown in Figure 6 , in the power part, the 3-phase bridge is powered directly by +28V, while the step-down voltage regulator LM2756-12 transforms +28V into +12V for the 3-phase bridge driver, from which +5V is generated via the voltage regulator LM7805 to offer power for the optocoupler. In the analog part, the isolated DC-DC converter WRA2412S transforms +28V into ±12V for the potentiometer and amplifier. In the digital part, the isolated DC-DC converter WRB2405S transforms +28V into +5V for the AD converter. And the +3.3V that FPGA needs is obtained by the low dropout regulator REG1117-3.3.
Software Design of the Actuator Controller
The block scheme of FPGA Software is shown in Figure 7 . There are mainly four modules in the FPGA software, namely, the AD7606 module, the UART (Universal Asynchronous Receiver and Transmitter) transmitter and receiver, the PID (Proportion Integration Differentiation) controller and the PWM generation module. The AD7606 works in the parallel mode, so the AD7606 module links the converter to FPGA by 16 bit data bus. The analog potentiometer feedback is converted to digital signal periodically. The conversion result is prepared in certain format, which is sent to the PID controller and UART transmission FIFO as required. The UART transmitter sends the motor position back to the missile-borne computer, while the UART receiver accepts the command position from the missile-borne computer. Error of the command position and digital motor position inputs into the PID controller and the control algorithm is conducted, producing the corresponding PWM signal. As it is the brushless motor used in this design, the actuator cannot be driven only with the PWM signal. The PWM generation module acquires the Hall signal of the brushless motor and makes the motor commutation, thus generating available PWM signals for the 3-phase bridge driver. In this way, the actuator rotates. The CAN module is reserved for ground testing and other functions according to different communication protocols. 
Conclusion
This paper introduces the electric actuator controller design for the guided missile with FPGA as its core. Hardware and software design details are presented in this paper. Better than the traditional actuator controllers, the new controller is smaller and lighter. It can control multi actuators in shorter period and its real-time performance is great. Several ground tests prove the design is feasible and superior. Flight tests are in the plan, in order to test its dynamic performance further.
